The ability of insects to navigate toward odor sources is based on the activities of their first-order olfactory receptor neurons (ORNs). While a considerable amount of information has been generated regarding ORN responses to odorants, the role of specific ORNs in driving behavioral responses remains poorly understood. Complications in behavior analyses arise due to different volatilities of odorants that activate individual ORNs, multiple ORNs activated by single odorants, and the difficulty in replicating naturally observed temporal variations in olfactory stimuli using conventional odor-delivery methods in the laboratory. Here, we describe a protocol that analyzes Drosophila larval behavior in response to simultaneous optogenetic stimulation of its ORNs. The optogenetic technology used here allows for specificity of ORN activation and precise control of temporal patterns of ORN activation. Corresponding larval movement is tracked, digitally recorded, and analyzed using custom written software. By replacing odor stimuli with light stimuli, this method allows for a more precise control of individual ORN activation in order to study its impact on larval behavior. Our method could be further extended to study the impact of second-order projection neurons (PNs) as well as local neurons (LNs) on larval behavior. This method will thus enable a comprehensive dissection of olfactory circuit function and complement studies on how olfactory neuron activities translate in to behavior responses.
Introduction
Olfactory information in a Drosophila larva's environment is sensed by only 21 functionally distinct ORNs, the activities of which ultimately determine larval behavior 1, 2, 3, 4 . Yet, relatively little is known about the logic by which sensory information is encoded in the activities of these 21 ORNs. There is thus a need to experimentally measure the functional contributions of each larval ORN to behavior.
Although the sensory response profile of the entire repertoire of Drosophila larval ORNs has been studied in detail 1, 4, 5 , the contributions of individual ORNs to the olfactory circuit and thereby to navigational behavior remain largely unknown. Difficulties in larval behavior studies, so far, arise due to the inability to spatially and temporally activate single ORNs. A panel of odorants that specifically activate 19 of the 21 Drosophila larval ORNs was recently described 1 . Each odorant in the panel, at low concentrations, elicits a physiological response only from its cognate ORN. However, at higher concentrations that are normally used for conventional behavior assays, each odorant elicits physiological responses from multiple ORNs 1, 5, 6 . Further, odorants in this panel have varied volatilities that complicate interpretation of behavior studies that depend on formation of stable odor gradients 7, 8 . Finally, naturally occurring odor stimuli have a temporal component that is difficult to replicate under laboratory conditions. It is therefore important to develop a method that can measure larval behavior while simultaneously activating individual ORNs in a spatial and temporal manner.
Here, we demonstrate a method that has advantages over previously described larval tracking assays 1, 8 . The tracking assay described in Gershow et al. uses electronically controlled valves to maintain a stable gradient of odor in the behavior arena 8 . However, due to the level of complex engineering involved to build the odor stimulus setup, this method is difficult to replicate in other laboratories. Further, the issues related to using odorants to specifically activate single ORNs remain unresolved. The tracking assay described in Mathew et al. uses a simpler odor delivery system, but the resulting odor gradient is dependent on the volatility of test odorant and is unstable for long durations of the assay Thus, by replacing odor stimuli with light stimuli, our method has the advantages of specificity and precise temporal control of ORN activation and is not dependent on formation of odor gradients of different strengths.
Our method is easy to set up and is appropriate for researchers interested in measuring aspects of Drosophila larval navigation. This technique could be adapted to other model systems provided that the researcher is able to drive the expression of CsChrimson in their favorite system's neuron(s) of choice. CsChrimson is a red-shifted version of channel rhodopsin. It is activated at wavelengths that are invisible to the larva's phototaxis system. We are therefore able to manipulate the activity of neurons with specificity, reliability, and reproducibility Figure 1A ). 2. Mount a monochrome USB 3.0 CCD camera fitted with an IR long-pass 830 nm filter and an 8 mm F1.4 C-mount lens (see Table of Materials) to the center of the ceiling of the black box. Place two infra-red LED strips (see Table of Materials) on the table-top in order to illuminate the larvae in the dark arena ( Figure 1A ). 3. To build the LED platform, obtain a 22 cm × 22 cm square Aluminum plate (preferably spray painted with a matte black finish to eliminate any reflections). In the center of the plate, using a metal cutter, cut a hole that is large enough to fit around the CCD camera. 4. Cover the metal plate with red LED strip lights (see Table of Materials). Solder LED light strip wires in series and feed the strip wires into an optocoupler relay controlled by a Raspberry Pi 2B microprocessor (see Table of Materials) (Figure 1B and 2) . 5. Install and configure Ubuntu Mate/Raspian Jesse/Linux based operating system on the Raspberry Pi processor before connecting the optocoupler relay to the LED strips. Attach a power supply to power the LED strips and the optocoupler (Figure 2 ) (see Table of Materials) . Mount the LED platform around the CCD camera ( Figure 1B) . NOTE: Ubuntu Mate v16.04 operating system is freely available. A set of simple Python based commands can be easily adapted to program patterns of LED light stimuli (see file of syntax). 6. Ensure homogenous irradiance at various points in the behavior arena. Measure the absolute irradiance at the surface of the arena with the help of a Spectrometer and determine it to be ~1.3 W/m 2 throughout the surface of the arena.
Building a Behavior Arena and Preparing
NOTE: At this intensity, no significant changes were observed in temperature over the course of the experiments. Another study 10 used a higher irradiance of ~1.9 W/m 2 and observed no changes in temperature over the course of the experiments.
Preparation of Drosophila Larvae for Behavior Analyses
1. Maintain the flies on standard fly food (see Table of NOTE: The fly stocks listed here are all available at the Bloomington Drosophila Stock Center (see Table of Materials).
3. Once male and female flies in a cross are allowed to mate and lay eggs for 48 h, transfer adults to a fresh vial. 1. To the surface of the food vial containing eggs, add 400 µL of a mixture containing 400 µM all-trans retinal (ATR) dissolved in Dimethyl sulfoxide (DMSO) and 89 mM sucrose dissolved in distilled water. NOTE: The small amount of sucrose promotes larval feeding of the ATR solution. ATR is a cofactor required for upregulating of CsChrimson expression 9, 10 . ATR is light sensitive. 2. Once ATR is added to the food vials containing eggs, incubate the vials in the dark for an additional 72 h. NOTE: While this study and the above two studies have not observed effects on larval behavior due to ATR feeding, it is recommended controlling for the effects of ATR feeding by subjecting test lines to the same amount of the above mixture that does not contain ATR.
4. Extract third-instar larvae (~120 h after egg laying) from the surface of fly food by floating them using a high density (15%) sucrose solution. Using a P1000 micropipette separate the larvae floating on the surface of the sucrose solution into a 1000 mL glass beaker. 5. Wash larvae 3-4 times by exchanging 800 mL fresh distilled water in the glass beaker each time. Allow larvae to rest for 10 min before subjecting them to the behavior assay.
Behavior Assay
1. Maintain consistent temperature (between 22-25 °C) and humidity (between 50 and 60% RH) in the behavior room. 
Representative Results
To demonstrate the specificity of ORN activation, our method was successfully applied to determine the impact of two different ORN (ORN::7a & ORN::42a) (ORNs expressing either Or7a or Or42a) activation on larval behavior (Figure 3) . Consistent with recent studies that individual larval ORNs are functionally distinct 1, 10, 13 , our representative data demonstrates that when ORN::7a expressing CsChrimson was stimulated by light, there was a significant decrease in run length compared to control animals. Conversely, when ORN::42a expressing CsChrimson was stimulated by light, there was a significant increase in run length compared to control animals (Figure 3) . The collective data analyzed from ~100-120 larval tracks were obtained from (n = 8) trials performed for each genotype. The error bars represent SEM. While we describe only a single behavior parameter (run length) here, we note that each larval track can be further analyzed to calculate parameters for speed, path curvature, and body bends 1, 8, 13, 14, 15 . More parameters related to directionality such as heading angle, run length and run speed toward and away from odors can be obtained if an odor source is provided on one side of the arena 1, 8, 13 .
To demonstrate our method's ability to alter the temporal patterns of ORN activation, we varied our stimulus to alternate between lights OFF and ON. We subjected larvae expressing UAS-CsChrimson in ORN::42a to three different temporal patterns of light stimuli during the lights ON period (0.04 Hz, 1 Hz, and Constant). We then measured changes in behavioral parameters that happen during lights OFF → ON phase and during lights On → OFF phase. We found that for ORN::42a, different temporal patterns of light stimulation elicited different behavioral responses (Figure 4) . Such changes were not observed in control larvae that do not express UAS-CsChrimson in any ORNs. These results highlight the importance of understanding how temporal patterns of ORN activation contribute to animal behavior. :42a were differently affected compared to control larvae upon light activation. Each bar represents average RI ± SEM (n = 8). Run length of larvae when ORN::7a was activated was significantly lower than control. Run length of larvae when ORN::42a was activated was significantly higher than control. Bars represent mean ± SEM (n = 8, Student t-test; "*" is p <0.05, "**" is p <0.001). Please click here to view a larger version of this figure. Supplemental file of syntax: A set of simple Matlab codes ('Tracklarva') that can be easily adapted to suit appropriate conditions. Please click here to download this file.
Discussion
Here, we described a method that allows for the measurement of Drosophila larval behavior in response to simultaneous optogenetic activation of olfactory neurons. Previously described larval tracking methods 1, 8 use different odor delivery technology to activate ORNs. However, these methods cannot control for either the specificity or temporal patterns of ORN activation. Our method overcomes these deficits by using light stimuli instead of odor stimuli for more precise control of ORN activation.
The materials needed to build the behavior arena can be easily obtained at the local hardware store and requires minimal effort at assembly. The electronics needed to prepare the optogenetics module are also easily available and constructed. The method described here uses red light to activate a red-shifted channel rhodopsin (CsChrimson) expressed in specific neurons. The resulting larval behavior in response to the corresponding ORN activation is recorded using a CCD camera and measured using custom written software that is provided here. Our method allows researchers to ask answers to several questions that were not possible before: 1) what is the impact of different olfactory stimulus patterns on the animal's ability to navigate toward an odor? 2) similar to ON-center and OFF-center ganglion cells in mammalian retina 16 , are there ORNs that respond specifically to a decrease in olfactory stimuli in addition to ORNs that respond to an increase in olfactory stimuli? Finally, our method permits a variety of future applications, including measuring the impact of downstream neurons in the olfactory circuit (PNs and LNs) to larval navigation.
While there are several advantages to our method, we acknowledge certain limitations. It is unclear whether concentration effects observed with odorants can be easily replicated using this system. While our present setup does not allow this, the optogenetics module could be easily modified to accommodate increases or decreases in the intensity of the light stimulus. In the future, we will check to see whether changing intensity of light stimulus mimics concentration effects of odorants. Simple fly genetic techniques can be used to express CsChrimson in either all 21 pairs of ORNs (using Orco-Gal4) or in a single pair of ORNs (using individual Or-Gal4s). However, complicated genetics would be required to express CsChrimson in '1 < n < 21' neurons. Due to this, it would be difficult to replicate the effects observed with odor mixtures where individual components of the mixture elicit responses from more than one ORN. Even though larval navigational behavior is considered to be a low dimensional behavior, we acknowledge that our larval tracking program could be further improved in the future by considering additional behavioral descriptors based on animal posture (e.g. probability of head turns, body bends etc.) 8, 17 . Our study was restricted to first order sensory neurons in the larva. Further investigation is required before our method can be applied to second order projection neurons and local neurons that are embedded in the brain lobe region of the brain 18 .
In summary, our method offers the ability to dissect the function of every ORN in the simple, tractable olfactory circuit of the Drosophila larva. By doing so, our method will enable development of more precise computational models that describe how odor signals are translated into different behavioral outputs.
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